The quantum mechanical states of electrons in atoms and molecules are discrete spatial orbitals, which are fundamental for our understanding of atoms, molecules, and solids. They determine a wide range of basic atomic properties, ranging from the coupling to external fields to the whole field of chemistry. Nevertheless, the manifestation of electron orbitals in experiments so far has been rather indirect. In a detailed theoretical model, we analyze the impact of a single Rydberg electron onto a Bose-Einstein condensate and compare the results to experimental data. Based on this validated model we propose a method to optically image the shape of single electron orbitals using electron-phonon coupling in a Bose-Einstein condensate. This scheme requires only established and readily available experimental techniques and allows to directly capture textbook-like spatial images of single electronic orbitals in a single shot experiment.
The quantum mechanical states of electrons in atoms and molecules are discrete spatial orbitals, which are fundamental for our understanding of atoms, molecules, and solids. They determine a wide range of basic atomic properties, ranging from the coupling to external fields to the whole field of chemistry. Nevertheless, the manifestation of electron orbitals in experiments so far has been rather indirect. In a detailed theoretical model, we analyze the impact of a single Rydberg electron onto a Bose-Einstein condensate and compare the results to experimental data. Based on this validated model we propose a method to optically image the shape of single electron orbitals using electron-phonon coupling in a Bose-Einstein condensate. This scheme requires only established and readily available experimental techniques and allows to directly capture textbook-like spatial images of single electronic orbitals in a single shot experiment.
Electron orbitals form the basis of our understanding of atoms, molecules, and solids. The electromagnetic interaction of an atom with its surrounding is dominated by these orbitals, determining e.g. optical and chemical properties of matter. Despite their large impact on all these different aspects, the direct imaging of electronic orbitals is a challenging task. Most techniques to study the wavefunction of electrons in atoms and molecules rely on tomographic reconstruction. The wavefunction of the highest occupied molecular orbital of different molecules has been reconstructed using high harmonics generated from intense femtosecond laser pulses [1] and photoemission spectroscopy [2] . Another method, which has been so far mostly applied to larger polymers, is based on scanning tunneling microscopy [3] [4] [5] . A different approach has been realized recently to study the electron wavefunction in single hydrogen atoms [6] . In this work, peculiar electronic states in a strong static electric field, so called Stark states, were directly imaged via photoionization and subsequent electron detection using a magnifying electrostatic lens. However, a direct spatial mapping of single spatial atomic orbitals, as known from basic quantum theory, has been elusive so far. In order to investigate single electron orbitals with purely optical methods, highly excited Rydberg states with principal quantum number n above~100 provide orbitals with sizes larger than the optical wavelength, i.e. the resolution limit of optical microscopy. These orbitals can be very well controlled in all their quantum numbers and provide for example clean s, p, d, and f series. Even more interesting orbitals for single electrons in electric and magnetic fields or after a pulsed sequence of electric fields include circular Rydberg states [7] , Stark states, Bohr-like wavepackets [8, 9] , and one dimensional atoms [10] . Furthermore, this approach can also be extended to more complex systems like Rydberg-atom macrodimers [11] . Here, we propose a new method to optically image the orbitals of high Rydberg states in a Bose-Einstein condensate.
The interaction of the dense ultracold gas with the Rydberg electron [12] imprints the probability density of a single Rydberg electron as a density modulation onto the BEC. As a consequence, using well-established imaging techniques for cold atoms, textbook-like optical images of hydrogenic states can be obtained. First we study the interaction of a series of individual Rydberg atoms with the condensate and compare the results with experimental data. Then we apply our theoretical model to propose a method to directly observe the imprint of the electronic orbital on the density distribution of the condensate. In our recent experiment [12] , a single Rydberg atom in an sstate with principal quantum numbers n ranging from 110 to 202 was created in a 87 Rb condensate of around N = 80000 atoms. Its radius, scaling with~n 2 , varies from 1 to 4µm, and is thus clearly within the resolution of optical imaging techniques. Furthermore, highly excited Rydberg atoms interact strongly via induced dipole-dipole forces. As a result, the Rydberg blockade [13] allows only a single Rydberg excitation at a time within the volume of the BEC in [12] . The single electron of a Rydberg atom polarizes near-by atoms. The interaction potential, falling-off with a distance like 1/r 4 , is of short range type. Hence a pseudopotential [14, 15] may be used to approximately describe the interaction energy between the electron and the surrounding ground state atoms:
where Ψ Ryd ( r) is the Rydberg electron wavefunction, a denotes the electron-atom s-wave scattering length and m e is the electron mass, to a good approximation the reduced mass of atom-electron system. The triplet scattering length of the electron-atom interaction relevant here is a = −16.1 in units of the Bohr radius [16] . Note that the corresponding interaction energy of the positive ion of the Rydberg atom has a reduced mass next to five orders of magnitude larger, so that its impact on the condensate can be neglected. In the range of n from 110 to 202, between 700 and 20000 ground state atoms are located inside the classically allowed region of the Rydberg electron in our experiment. The interaction of the Rydberg electron with these atoms adds up to a mean energy shift, which is only depending on the atomic density ρ( r) and the electron-atom scattering length [14, 17] :
This shift depends on the position R of the Rydberg atom in the condensate. To describe the effect of the Rydberg electron on the condensate, the pseudopotential (1) is introduced as an additional term in the Gross-Pitaevskii equation describing the dynamics of the bosonic atomic field. We adopt a classical field approximation, where a long-wavelength atomic field is stripped off its operator character and is replaced by a classical, complex function Ψ( r, t) satisfying the time-dependent equation:
In the right-hand side, the usual terms related to the kinetic energy, the trapping potential, and the contact interaction with coupling constant g appear. The pseudopotential term is multiplied by a function f (t) which takes the values 0 or 1, depending on whether a Rydberg atom is present, centered at position R. The interaction is present only during the lifetime of the Rydberg atom within a single creation cycle. The results in [12] were obtained by repeating 1µs long Rydberg excitation pulses 300 − 500 times. Thus it is crucial to appropriately model the excitation process in order to reproduce the experimental findings. For sufficiently short times t and low single atom Rabi frequencies Ω R , the probability to find an atom at position R in the Rydberg state is given as
where the effective Rabi frequency Ω( R, t) takes a non-zero local detuning ∆( R, t) into account:
The resonant Rabi frequency Ω R is the single atom Rabi frequency. For the experiment of Ref. [12] these frequencies are estimated to vary in the range of a few kHz. The spatially dependent detuning ∆( R, t) accounts for the laser detuning ∆ω L from the vacuum Rydberg level and the density dependent shift of the Rydberg level δE( R, t), given by equation (2):
Since the condensate density changes due to disturbance caused by the appearance of successive Rydberg atoms, the detuning ∆ and thus the excitation probability (4) depend also on time. So far, equation (4) does neither fully take the interaction of the Rydberg electron with the dense atomic sample nor the Rydberg blockade into account. The coupling of the Rydberg electron to the condensate causes a process which identifies (i.e. measures) the position of the Rydberg atom, projecting the system on the basis of single localized Rydberg excitations. At this point, the coherent evolution of the excitation, described by equation (4), stops. We assume that this process originates from the elastic scattering of the Rydberg electron at the atoms in the condensate. In a semiclassical picture, the scattering rate is on the order of some MHz. In order to account for both the Rydberg blockade and this process, we interrogate the system every 200ns, a rough estimate for the duration between two scattering events. To determine if and where a Rydberg atom is excited, we then use the following procedure: First, we choose a position of a possible excitation according to the density distribution ρ( r). According to the excitation probability (4) we draw a random number to determine if an excitation indeed takes place. If yes, f (t) changes its value from 0 to 1 and the time evolution of the BEC continues governed by equation (3). If not, another position is picked randomly and the procedure is repeated until either an excitation occurs or the number of trials reaches 80000, the total number of atoms. In the latter case, no Rydberg excitation occurs during this time step and we advance by a time-step of 200ns, repeating the stochastic procedure until the end of excitation pulse of 1µs. Once created, the interaction of the Rydberg electron with the condensate is limited by the experimental sequence length of 10 microseconds and the decay of the Rydberg state. Based on the measurements in [12] , we assume a mean lifetime of 10 microseconds for all Rydberg states. A cycle consisting of the excitation of the Rydberg atom followed by a finite interaction time with the condensate atoms is repeated 300 or 500 times. Heated by the time-dependent potential, the condensate undergoes losses. Some atoms are promoted to the thermal cloud. These losses were measured in [12] . Within the classical field approximation the two components of the bosonic gas -the condensate and the thermal cloud are identified by accounting for the coarse graining as an unavoidable element of the measurement process [18] . In the case of a nontrivial dynamics, in tune with the actual imaging method, we define a coarse grained one-particle density matrix as resulting from the column integration [19] :
ρ(x, z, x , z ; t) = 1 N dy Ψ(x, y, z, t) Ψ * (x , y, z , t) .
(7) Here we adopt imaging performed along the radial direction (condensate symmetry axis is the z axis). The resulting density matrix, upon spectral decomposition [20] , determines the fraction of the condensed atoms as a dominant eigenvalue. For a direct comparison with the experiment we calculate the total condensate losses at the end of the excitation sequence and divide them by the number of excitation cycles. We study the dependence of this quantity as a function of the laser detuning ∆ω L and the principal quantum number n of the Rydberg state. In Fig. 1 (top frame) we show the laser detuning dependent losses for various Rydberg states. Away from the spectral position of maximal losses, more pulses create no Rydberg atoms. On the right-hand side of the resonance losses are small because Rydberg atoms are excited almost homogeneously in space as it is visible in the right histogram of Fig. 1 (bottom frame) . So, many excitations are created in regions of low density, leading to reduced losses. Towards the center of the line more Rydberg atoms are created around the center of the trap where the density of the condensate is high. This leads to the increase of losses reaching their maximum approximately where ∆ω L is equal to δE( R, t)/ calculated at the center of the trap. The distribution of Rydberg atoms for the center of the line is shown in the middle histogram of Fig. 1 . On the left-hand side of the resonance the situation is different. Still many Rydberg atoms are created in the center of the trap (see left histogram of Fig. 1 ). However, Rydberg atoms are not created in every excitation cycle and thus the overall losses decrease. On the blue side of the resonance, a Rydberg atom is created almost at every shot. To the red of the resonance, fewer Rydberg atoms are excited. In the case of n = 110 and ∆ω L = −12MHz for example, roughly every two third excitation pulses creates a Rydberg excitation while only every seventh trial is successful at ∆ω L = −16MHz. Gaussian fits to our numerical data from Fig. 1 are compared to the experimental data from [12] in Fig. 2 (top frame) . We extract also the position of the resonance (middle frame) and the width of the line (bottom frame) from the fits. The error bars are the statistical errors resulting from the Gaussian fits. The numerical results agree remarkably well with the experimental data considering the fact that estimated values of the Rabi frequencies and no additional free parameters were used. Having demonstrated the validity of our theoretical model, we now turn to the proposal of observing an electronic orbital by imaging the response of the condensate density to the potential (1). We assume a tightly focused excitation laser in order to spatially define the position of the Rydberg atom at the center of the condensate. Rydberg s-and d-states accessible in typical two-photon excitation schemes [21, 22] are considered. First we study a single Rydberg excitation, present in the condensate during a lifetime of 10µs. A contrast of few percent is achieved in the density patterns 90µs after the Rydberg atom has decayed (right panels of Fig. 3 ). In this case relatively low principal quantum numbers are favorable because their potential wells are deeper. A larger effect, also at higher principal quantum numbers, can be obtained if the process of Rydberg excitation is repeated multiple times as in Ref. [12] . We assume here that the blue laser beam is focused in such a way that the intensity of light in the center of a condensate is Gaussian with the diameter (at 1/e 2 of magnitude) equal to 1.2µm. A good trade-off between sufficient contrast in the density profile and a reasonable sharpness of the image is then obtained for around 50 excitation cycles (see movies available at [23]). To summarize: We have presented the first full theoretical, microscopic model of a single Rydberg atom electron in a Bose-Einstein condensate. Good agreement with the available results for the s-state Rydberg atoms is demonstrated. We also propose a novel scheme for mapping the electronic orbital on the density of the condensate realizing a method to directly observe the various electronic orbitals. The technical requirements with respect to resolution, both for the local excitation of Rydberg atoms and the detection of the resulting structures, are met by state of the art experimental setups. Furthermore, various techniques like dark ground imaging [24] , phase-contrast imaging [25] , polarization contrast imaging [26, 27] , and adapted forms of absorption imaging [28] are readily available to precisely determine the density distribution of a BEC in situ. The optical imaging of a single electron in a single shot experiment seems thus in direct reach.
